NEUTROPHILS generate potent microbicidal molecules via the oxygen-dependent pathway, leading to the generation of reactive oxygen intermediates (ROD, and via the non-oxygen dependent pathway, consisting in the release of serine proteinases and metalloproteinases stored in granules. Over the past years, the concept has emerged that both ROI and proteinases can be viewed as mediators able to modulate neutrophil responses as well as the whole inflammatory process. This is well illustrated by the oxidative regulation of proteinase activity showing that oxidants and proteinases acts is concert to optimize the microbicidal activity and to damage host tissues. ROI and proteinases can modify the activity of several proteins involved in the control of inflammatory process. Among them, tumour necrosis factor-z and interleukin-8, are elective targets for such a modulation. Moreover, ROI and proteinases are also able to modulate the adhesion process of neutrophils to endothelial cells, which is a critical step in the inflammatory process.
Introduction
The aim of this report is to review our current understanding of radical oxygen intermediates (ROI) and proteinases in the context of a modulatory role of neutrophils in the inflammatory process. We will also review studies showing that besides their usual microbicidal role these molecules have important regulatory functions. The notion that inflammation is the net result of pro-and contra-inflammatory pathways is well illustrated by ROI and proteinases which either alone, or in concert, may interact in up or down regulating the major inflammatory process. Added to the intrinsic complexity of the subject is the diversity of effects that can be mediated by ROI and proteinases, either on the phagocyte itself or on the target cells.
Neutrophil-derived oxidants and proteinases
Neutrophils react to invading microorganisms and inflammatory mediators with a variety of coordinated responses, such as motility in response to chemotactic agents, cytoskeletal rearrangement, phagocytosis, and production of toxic mediators to allow the neutrophil to destroy pathogens. Although critical to host defence, neutrophils can damage normal cells and dissolve connective tissues by the release of a complex assortment of deleterious agents, including ROI and proteinases, leading to inflammatory disorders. 2, 3 Conventionally, two microbicidal pathways are defined, depending on whether or not they require oxygen. The oxygen dependent pathway depends on ROI whose production follows the activation of NADPH oxidase; the non-oxygen-dependent pathway reflects the actions of preformed enzymes and antimicrobial proteins stored in the neutrophil cytoplasmic granules and released upon activation as illustrated in Fig. 1 as spreading, diapedesis, phagocytosis, production and release of toxic effector molecules. The selectins and the leukocyte integrins of the CD18 family, including LFA-1 (CD11a/CD18), CR3 (CD11b/CD18), p150 (CD11c/CD18), are necessary for proper adhesion to endothelium. The complement opsonins C3b and C4b are recognized by CRI. IgG opsonins are recognized via the immunoglobulin receptors (FcyR). The stimulus dependent expression of these receptors is required for phagocytosis, degranulation and respiratory burst. The first microbicidal pathway is the oxidative reponse which consists of the production of ROI following NADPH-oxidase complex activation, including superoxide anion (O ), hydrogen peroxide (H202) and via myeloperoxidase, hypochlorous acid (HOCI) and chloramines. The second microbicidal pathway is non-oxygen dependent and consists in the release in the phagolysosome or in the extracellular medium, of preformed proteins stored in granules. The serprocidins (serine proteases with antibiotic activity including elastase, cathepsin G, proteinase 3 and azurocidin) as well as myeloperoxidase are contained in the azurophilic granules. The metalloproteases (collagenase and gelatinase) are contained in specific and tertiary granules (for gelatinase only).
namely cytochrome b-245, or in cytosolic factors, phagocytes of CGD patients fail to mount a respiratory burst. Although their phagocytic capacity is normal, CGD phagocytes are incapable of producing ROI and of subsequently killing ingested pathogens. 9, 1 Neutrophils contain several thousand cytoplasmic granules which act as storage compartments for macromolecules destined for secretion, stored in specific granules, or for fusion with phagosomes, stored in azurophilic granules. [11] [12] [13] Neutrophils must degrade the connective tissues to extravasate and migrate to the site of inflammation. For this, they contain metalloproteinases such as collagenase, stored in the specific granules and gelatinase, stored in tertiary granules. The azurophilic granules contain the majority of the antibiotic proteins. Among the ten identified so far, two are thought to be unique in primary structuremlysosyme and bactericidal/perme- 258 Mediators of Inflammation Vol 3. 1994 ability increasing protein (BPI) . 14a5 The remaining eight fall into two families, each with four members: the defensins 6 on the one hand, and the serprocidins (serine proteinases with microbicidal activity) including elastase, cathepsin G, proteinase 3 and their enzymatically inactive homologue azurocidin, on the other. 7 In neutrophils, ROI [2] [3] So is the formation of singlet oxygen. 24, 25 However, in this review, the term ROI will include O, H,.O,., OH , singlet oxygen and chlorinated oxidants such as HOC1 and chloramines, and the defined oxygen species will be specified when possible.
Although the hallmark of the phagocyte remains the major source of ROI following NADPH oxidase activation, other cells can generate ROI through different pathways. Perhaps the most significant source of non-leukocyte generated ROI is the production of superoxide anion by xanthine oxidase, observed in ischaemia/reperfusion injury. 26, 27 The cellular alterations following hypoxia promote the conversion of xanthine dehydrogenase to xanthine oxidase. Many other potential mechanisms derived from normal cellular metabolism could result in ROI generation, including mitochondrial transport, peroxisomal reactions and arachidonate metabolism. '8 Free radicals and related oxidants have long been studied as agents of tissue damage. Lipid peroxidation is a well documented free radical chain reaction which can be initiated by OH or transition metal complexes and remains an archetype of ROImediated toxicity. [29] [30] [31] Yet few studies have focused on its involvement in neutrophil oxidative reactions. Likewise, numerous studies have characterized the mechanisms underlying oxidative damage to RNA and DNA. [3] [4] In contrast, the reactions of proteins with various radicals/oxidants have not been so extensively studied although it is now clear that amino acids, peptides and proteins are, indeed, vulnerable to attack by a variety of ROI. Oxidation of particularly sensitive amino acid residues, aggregation or crosslinking, fragmentation and loss of enzymatic or other functional properties are but a few of the documented examples. Sulfhydryl 54 Taurine is the major amine released into the supernatants of triggered neutrophils, 52 and thus its chloramine derivative is the most abundant. 53 Taurine chloramine is not a potent toxin but does oxidize proteins by specific attack at thioether moieties. The notion that methionine oxidation may be a relevant mechanism by which many proteins are regulated is corroborated by the fact that this oxidation can be reversed by methionine sulfoxide reductase, an enzyme which reduces methionine sulfoxide to methionine, using thioredoxin as cofactor. 55 The ability of this enzyme to reduce methionine sulfoxide in a variety of proteins suggests that it has broad specificity. It has been cloned and expressed in Escherichia coli. 56 shown that TIMP-2 has another regulation role which involves blocking the autoproteolytic activation of procollagenase. 89 The activity of TIMP is inhibited by different serine proteinases, including human neutrophil elastase, trypsin and chymotrypsin.
Serine proteinases. Serine proteinases are a large family of enzymes whose active site comprises the so-called 'catalytic triad' of histidine, aspartic acid and serine, in which a charge relay system allows the histidine and the aspartic acid to transiently bind a proton from the serine which can then attack the peptide bond in the target protein. In the azurophilic granules of the neutrophil, the group of the neutral serine proteinase homologues includes cathepsin G, elastase, proteinase 3 and azurocidin. Because they also possess microbicidal activity distinct from their proteolytic capacity, they will be referred to as serprocidins. Members of this family are cationic glycoproteins of similar size (25) (26) (27) (28) (29) . They have all been cloned. The serprocidins exhibit sequence homology between each other and with T cell proteinases, human lymphocyte proteinase, granzyme B, and rat mast cell proteinase. 13, 95, 9 Cloning of the genomic segment that contains the functional genes for neutrophil elastase, proteinase 3 (PR3), also called p29b or myeloblastin, and azurocidin, also called CAP37, has revealed that these genes form a cluster of genes, located in the terminal region of the short arm of chromosome 19 and are coordinately down-regulated in the promonocytic cell line U937 during induced terminal differentiation. 99 Cathepsin G displays a different pattern of inhibition, inasmuch as the serpin which accounted for the greatest inhibition is l-antichymotrypsin (I-AC). Moreover, elastase-l-PI and cathepsin antichymotrypsin complexes are chemotactic for neutrophils, this effect being mediated by the SEC receptor. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] 47 Investigations of antigen specificity have been aimed at identifying the proteins recognized by these AREA. 48 It appears that the majority of C-ANCA react with PR3, although in a few cases C-ANCA could be directed against BPI, elastase 149 or cathepsin G. 15 The major target antigen of P-ANCA is myeloperoxidase. TM Despite 163 Inasmuch as both z2-macroglobulin and SLPI appear to be sensitive to oxidation, the complete anti-elastase defence is regulated by neutrophil-derived chlorinated oxidants. The direct effect of oxidant attack on elastase using free radicals produced in a Fenton reaction (H,.O,. in the presence of copper) shows that elastase, as well as three of its inhibitors, eglin c, zl-PI and SLPI, are efficiently inactivated. 164 Study of the effect of chloramines on z-chymotrypsin, another serine proteinase, has shown that oxidation barely modifies its catalytic properties, whereas sensitivity to specific proteinase inhibitors is decreased. 165 Study of the synergy between myeloperoxidase-HiOachloride system and elastase in degrading endothelial cell matrix heparan sulfate proteoglycan has shown that elastase alone, and the myeloperoxidase system alone, cause degradation, and when a 4 h exposure to elastase was followed by 15 min of the myeloperoxidase system, the effect was greater than additive. No such effect was seen when both systems were added together, or when elastase followed the myeloperoxidase system. 166 41 Acting in concert with neutrophil-derived ROI and proteinases, monocyte-derived circulating proinflammatory cytokines could also play a critical role in dialysis related chronic inflammatory process and contribute to the underlying immune system dysregulation associated with uraemia. '3 Recently, high levels of both TNF-sR55 and TNF-sR75 and an imbalance between TNFa and its soluble receptors, acting as naturally occurring inhibitors, '14 have been reported in dialysis patients. '15,'16 It thus seems that as with the oxidant/antioxidant balance the cytokine/anti-cytokine balance could play a critical role in complications observed in long-term dialysis patients. 251 providing a molecular mechanism for dialysis induced neutrophil sequestration in the pulmonary vascular bed.
The expression of both CR1 and CR3 has also been studied in circulating or bronchoalveolar lavage (BAL) neutrophils in the case of cystic fibrosis patients compared with controls. In circulating neutrophils, CR1 and CR3 expression was similar both in cystic fibrosis patients and controls. In BAL, CR3 expression was also similar to the controls, whereas CR1 expression was significantly decreased and neutrophil elastase was, at least in part, responsible for the proteolytic cleavage of CR1. 252 Leukosialin is the major sialoprotein of human leukocytes. 253 The neutrophil itself appears to be well equipped with this unusual combination of contrasting molecules: ROI, small, ubiquitous and short-lived molecules; and proteinases, macromolecules with specific long-lasting activity. The neutrophil safely keeps them apart through separate intracellular compartmentalization under basal conditions. Nevertheless, in the defence of the host against pathogens, their cooperation maximizes neutrophil microbicidal potential as well as damage to host tissue. However, the cooperation appears to be involved at another level, where they act more as immunomodulatory mediators than toxic weapons, in the whole inflammatory process. The overall picture is of a classical alliance, for better and for worse.
